1.. INTRODUCTION {#S1}
================

Plague, caused by *Yersinia pestis*, is a severe, primarily flea-borne zoonotic disease characterized by quiescent and epizootic periods. Although most commonly associated with rodents, nearly all mammals can become infected with *Y. pestis* \[[@R42], [@R88]\]. Similarly, the range in flea species found to be infected is wide, spanning over 80 species. The apparent diversity of potential mammalian hosts and flea vectors is misleading, however, as many species of mammals fail to develop the high bacteremias required to infect feeding fleas or harbor few potential flea vectors. Also, many flea species occur only rarely on important mammalian hosts or fail to transmit plague efficiently \[[@R42], [@R50], [@R88]\]. With few exceptions, the mammalian and vector species most likely to meet these requirements are rodents and their fleas, respectively. When sufficiently abundant, these highly susceptible rodent species and their fleas often sustain rapidly spreading epizootics that can decimate other wildlife species and elevate human exposure risks.

Despite more than a century of investigation into the epidemiology and ecology of plague we still know remarkably little about many key aspects of the natural cycles of *Y. pestis* and the strategies used by this bacterium to support its survival. For example, the means by which *Y. pestis* persists during inter-epizootic periods remains largely unknown and has been the focus of speculation for over a century. Proposed explanations include long-term persistence in fleas, hibernating hosts, or soil \[[@R6], [@R11], [@R14], [@R28], [@R42], [@R51], [@R72], [@R75], [@R88], [@R103]\]. More commonly, within plague-endemic areas, *Y. pestis* is believed to be transmitted in maintenance cycles involving "enzootic" hosts that, at a population level, display a heterogeneous response to infection \[[@R41], [@R42], [@R86], [@R87]\]. That is, some hosts are highly susceptible to infection, while others are resistant. Occasionally, the infection spreads from enzootic hosts to highly susceptible populations resulting in an amplification or epizootic phase. While this proposed interplay between epizootic and enzootic cycles has dominated the literature for the last few decades \[[@R5], [@R39], [@R41], [@R42], [@R88]\], very little evidence exists to support the occurrence of truly independent enzootic and epizootic transmission cycles. Instead, the vertebrate-flea enzootic cycles that maintain *Y. pestis* may differ from those that serve to amplify infection during epizootic periods \[[@R42], [@R88]\] only in the rates of transmission and numbers of hosts infected. In this review, we focus primarily on plague in North American foci and discuss the potential adaptive strategies *Y. pestis* might employ to ensure not only its survival during inter-epizootic periods but also the rapid epizootic spread and invasion of new territories that are so characteristic of plague and have resulted in major pandemics and establishment of plague foci throughout much of the world.

2.. HIGH VIRULENCE IN THE HOST MAXIMIZES THE LIKELIHOOD OF FLEA-BORNE TRANSMISSION: A DESCRIPTION OF THE COURSE OF INFECTION IN THE HOST {#S2}
========================================================================================================================================

As recently as 1 500--20 000 years ago, *Y. pestis* evolved from *Y. pseudotuberculosis*, a relatively benign enteric bacterium that is transmitted through contact with contaminated food and water \[[@R1]\]. In striking contrast to its closely related progenitor, *Y. pestis* is extremely virulent, with mortality of untreated infections in humans ranging from 50--100%, depending on the route of exposure \[[@R69], [@R86]\]. As part of its transition from an enteric to vector-borne pathogen, *Y. pestis* has acquired two unique plasmids (pPla and pMT1), shed genes required for persistence outside the vertebrate or vector and gained apparently new functions for several chromosomal genes \[[@R28], [@R48], [@R50], [@R82], [@R83], [@R108]\]. Although much of this material has been reviewed elsewhere, it is worth summarizing some of the adaptations of *Y. pestis* to produce the extremely high bacterial concentrations that typify plague infections.

In laboratory animals, bacterial concentrations usually reach 10^8^--10^9^ cfu/mL of blood \[[@R17], [@R27], [@R93]\]. This markedly high level of bacteremia and associated virulence to the vertebrate host is likely to have evolved as a result of the bacteria\'s reliance on transmission by infectious fleas \[[@R70]\]. Because of the small volume of blood consumed (0.1--0.3 μL per blood meal \[[@R50], [@R82]\]) by a feeding flea, bacteremia in the host must be at least 10^6^ cfu/mL to reliably infect these insects \[[@R37], [@R70]\]. While attaining such high bacteremias raises the risk that hosts will die of the septic shock, systemic inflammatory response syndrome, multi-organ failure and hemorrhaging associated with late stage *Y. pestis* infections, this apparent disadvantage appears to be offset by the likelihood that at least some fleas will complete feeding prior to the host\'s death and thus acquire sufficient bacteria to become infectious to other animals during subsequent blood meal feedings \[[@R42]\]. In addition, pathogen-induced host mortality forces newly infected fleas to seek alternative hosts, thus increasing the likelihood of transmission to another host of the same or different species \[[@R50]\]. It should be noted that unlike ticks or mosquitoes which seek new hosts for each subsequent blood meal they consume, fleas are likely to feed repeatedly on the same host and will change hosts only under such circumstances as the death of the host, close social contact among hosts of the same species, or the appearance of newly born host young in nests or burrows.

After an infectious flea bites a susceptible vertebrate host, several bacterial genes are upregulated allowing *Y. pestis* to evade the immune system and disseminate to the lymphatic system. Pla, a surface protease, encoded on the pPla plasmid that was acquired after divergence from *Y. pseudotuberculosis*, is typically believed to be required for dissemination from the intradermal bite site \[[@R65]\]. However, recent work has cast doubt upon this conclusion \[[@R46], [@R104]\]. Upon entry to the host\'s body *Y. pestis* can infect macrophages which may carry the bacteria to regional lymph nodes where they multiply, express F1 antigen (caf1) and pH6 antigen, and give rise to the characteristic buboes of plague (bubonic plague), which are highly swollen lymph nodes that are heavily infected with *Y. pestis* \[[@R101]\]. *Y. pestis* bacteria leaving the macrophage for an extracellular existence bear F1 capsular antigen and express pH6 antigen (PsaA), both of which help render the bacterium resistant to further phagocytosis \[[@R29]\] and enable it to circulate freely in the bloodstream. Once phagocytosis-resistant *Y. pestis* gain access to the bloodstream of susceptible hosts they begin to multiply rapidly and quickly reach densities (\> 10^6^ bacteria/mL blood) sufficient to infect feeding fleas \[[@R37], [@R93]\].

3.. FLEA-BORNE TRANSMISSION OF *Y. PESTIS*: THE BLOCKED FLEA PARADIGM {#S3}
=====================================================================

In 1914, Bacot and Martin described the blocked flea paradigm of *Y. pestis* transmission \[[@R4]\]. Under this scenario, a flea first consumes blood from a highly bacteremic host. Over time, the plague bacilli multiply within the proventriculus and midgut, eventually forming a blockage in the proventriculus, which is a globular structure lying between the flea\'s esophagus and midgut (stomach). The interior of the proventriculus is lined with a series of spines that prevent ingested blood cells from flowing back towards the mouth of the flea. In some species of fleas, such as the Oriental rat flea, *Xenopsylla cheopis*, the proventriculus also serves as a site for initial colonization and eventual blockage (occlusion) of the flea gut by multiplying *Y. pestis* \[[@R4], [@R37]\]. Recent molecular studies have demonstrated that proventricular block formation is regulated by a group of chromosomal genes called the hemin storage locus (hms), which is upregulated at ambient temperatures and not expressed at 37 °C. *hms* is required for successful colonization of the proventriculus, but not for colonization of the midgut \[[@R47]\]. In contrast, the *Yersinia* murine toxin (ymt), located on the newly acquired pMT1 plasmid, is a phospolipase required for survival in the midgut of the flea \[[@R49]\]. In addition to proventricular blockage, biofilm can cause a partial blockage, or may be useful for forming large bacterial aggregations that help prevent the bacteria from being passed in feces \[[@R50]\].

Although block formation can occur as early as 5 days post infection (d.p.i.), it is not typically observed until 2--3 weeks p.i. \[[@R17], [@R37], [@R39], [@R57], [@R58]\]. Blockage of the gut by the proliferating *Y. pestis* and its products (biofilm) prevents newly ingested blood from reaching the midgut, thus causing the flea to starve. It further disrupts proper function of the proventriculus, allowing blood to reflux from the midgut to the mouthparts. As a result of the proventricular blockage, the flea increases its feeding attempts but cannot satisfy its hunger because of its inability to pass the ingested blood through the foregut and into the midgut. In an effort to clear its gut blockage a flea will often regurgitate the contents of its foregut. Although these attempts to feed and then clear the blockage through regurgitation are unsuccessful, the vigorous movement of materials in the flea\'s foregut results in mixing of newly ingested blood with bits of *Y. pestis*-bearing material cleaved from the blockage. Under the scenario of transmission of plague bacteria by blocked fleas, infection of the host results from regurgitation of this mixture of blood and *Y. pestis-*bearing blockage material back into the site of the initial flea bite.

Experimental evaluation of transmission efficiency by blocked rat fleas (*X. cheopis*), have revealed that the probability of a single bite resulting in transmission is quite low \[[@R17], [@R37], [@R39], [@R70], [@R105]\]. Despite such low transmission efficiency, increased daily feeding rates by starving, blocked fleas, leads to an increase in estimates of the number of secondary infections arising from a focal infection (vectorial capacity) \[[@R30], [@R70]\]. Although Bacot and Martin \[[@R4]\] proposed that a partially blocked flea may be even more efficient as a vector, and that block formation is extremely rare in most species of fleas \[[@R17], [@R39], [@R42]\], the blocked-flea scenario has dominated the plague literature as the primary and only significant means of flea-borne transmission of *Y. pestis*. For example, vector efficiency is often equated with a flea\'s ability to block \[[@R39], [@R50], [@R51], [@R64], [@R67], [@R70], [@R88]\].

4.. FLEA-BORNE TRANSMISSION OF *Y. PESTIS*: EARLY-PHASE TRANSMISSION BY UNBLOCKED FLEAS {#S4}
=======================================================================================

While there is no doubt that the unique ability of *X. cheopis* to form a proventricular blockage which causes the flea to increase its daily biting rate enhances its ability to efficiently transmit *Y. pestis*, several observations have led to the need to identify an alternative flea-borne mechanism of transmission. First, most flea species, including those presumed to be important vectors of *Y. pestis*, do not readily form proventricular blockages \[[@R17], [@R39], [@R42]\]. Yet, ridding hosts of their fleas effectively halts pathogen transmission, thus implicating fleas in epizootic and epidemic transmission \[[@R33], [@R45], [@R54], [@R88], [@R94]\]. Second, transmission by blocked fleas, which requires a long extrinsic incubation period prior to a short infectious window that is often followed by death of the flea due to starvation, cannot sufficiently explain the rapid rate of spread that typifies plague epidemics and epizootics \[[@R30], [@R70], [@R103]\]. Some have suggested that transmission by blocked fleas is important primarily during inter-epizootic transmission, but that mechanical transmission by unblocked fleas is significant during epizootics \[[@R17], [@R59], [@R60], [@R90]\]. Despite these assertions, true mechanical transmission, which would occur in fleas as a result of contamination of the vector\'s mouthparts by viable *Y. pestis*, has been discounted because bacteria survive on the mouth parts for less than 3 h \[[@R13]\]. As a result, early studies on flea-borne transmission typically focused on the period of time after which block formation was expected to occur \[[@R17], [@R37], [@R39], [@R57], [@R58]\]. In some instances, transmission by unblocked fleas was observed 1--4 d.p.i. \[[@R4], [@R17], [@R37], [@R52], [@R73], [@R88], [@R102], [@R105]\], but the results were often viewed as anomalous or attributed to occurring by mass action (i.e., unnaturally high flea loads).

Recently, several studies have explicitly evaluated the efficiency of several flea species to transmit *Y. pestis* during the first few days after being allowed to ingest a highly bacteremic blood meal but prior to the development of a proventricular blockage \[[@R30]--[@R35], [@R106], [@R107]\]. In these studies, fleas were exposed via an artifical feeding system to rat blood infected with a fully-virulent strain of *Y. pestis* at concentrations reflecting a terminal septicemia in the host. Fleas that consumed a bloodmeal were presumed to be infected and were held for 3 h to 4 d.p.i. before being allowed to feed on a naïve mouse. Studies with *X. cheopis* and *O. montana* revealed that, in contrast to the blocked flea model, these fleas were immediately infectious and could efficiently transmit *Y. pestis* for at least 4 d.p.i. \[[@R30], [@R32]\]. Thus far, each of the six species evaluated have demonstrated the ability to successfully transmit by this process, termed early-phase transmission \[[@R30]\], although efficiency differs among species \[[@R30]--[@R33], [@R106], [@R107]\].

Although the mechanism of early-phase transmission remains unclear, several pieces of evidence suggest that transmission efficiency is related to the location of the bacteria within the digestive tract at the time of transmission. First, in studies that provided previously infected fleas with uninfected "maintenance" blood meals before their ability to transmit was measured, transmission efficiency waned following consumption of infectious blood \[[@R31], [@R106], [@R107]\]. Second, fleas that defecate copious amounts of partially digested blood during, or shortly after feeding (e.g., *Ctenocephalides felis*, *Aetheca wagneri*), appear to transmit infection less efficiently \[[@R33], [@R34]\]. Third, transmission efficiency is not significantly associated with bacterial loads in fleas \[[@R30]--[@R34], [@R106], [@R107]\]. Finally, the ability of fleas to remain infected with *Y. pestis* is affected by the type of host blood they consume. Infection prevalence and bacterial loads in *O. montana* and *X. cheopis* were significantly lower in fleas that consumed infected rabbit blood compared with infected mouse or rat blood \[[@R36]\]. It is possible that this is related to differences in the rates at which different blood types are digested and excreted by the flea but this has yet to be evaluated. The importance of host blood meal sources in natural *Y. pestis* transmission cycles also has yet to be demonstrated but could be an important factor in determining which hosts act as sources of infectious blood meals for vector fleas and, therefore, contribute to the maintenance of plague foci.

5.. PERSISTENCE OF *Y. PESTIS* IN SOIL {#S5}
======================================

Persistence of *Y. pestis* in soil has been suggested as a possible mechanism of inter-epizootic persistence, epizootic spread, and as a factor defining plague foci \[[@R6], [@R10], [@R28], [@R42], [@R88], [@R103]\]. Although *Y. pestis* recently evolved from an enteric bacterium, *Y. pseudotuberculosis*, that can survive for long periods in soil and water, it is believed that selection for vector-borne transmission has resulted in the loss of many of these survival mechanisms, suggesting that long-term persistence outside of the host or vector is unlikely \[[@R1], [@R16], [@R85]\]. Nonetheless, previous studies have demonstrated survival of *Y. pestis* in soil under experimental conditions \[[@R6], [@R28], [@R35], [@R42], [@R75]--[@R79]\] or under special circumstances (low temperature, protection from UV light) in natural systems \[[@R35], [@R56]\]. The mechanism by which *Y. pestis* is able to survive in the soil is unclear but is perhaps not surprising considering its ability to grow on many different types of media. Also, it should be noted that the soil samples used in most of these experiments were autoclaved and that the work of Eisen et al. \[[@R35]\] involved survival of *Y. pestis* in naturally occurring soil for only brief periods. Although the above experiments have assumed that if *Y. pestis* was to survive in soils it would do so as free-living, metabolically active and continually reproducing population of bacteria, others have proposed that *Y. pestis* may survive as an intracellular parasite of soil protozoa \[[@R26], [@R81], [@R89]\], in a latent form in the soil \[[@R100]\], within a biofilm on the surface of nematodes \[[@R21]\], or within host tissue \[[@R35]\]. If an infectious host dies before infecting fleas, survival in soil could provide a second chance to infect a new host, provided that contaminated soil can be equated with infectious soil. Although the suggestion of survival in soil as a possible maintenance mechanism is intriguing, much work needs to be done to determine whether currently published laboratory experiments or the short-term survival of *Y. pestis* in naturally occurring soil samples with known history of *Y. pestis* contamination have relevance for the long-term survival and maintenance of plague in natural foci.

6.. MECHANISMS OF EPIZOOTIC SPREAD {#S6}
==================================

Plague epizootics represent periods when *Y. pestis* can spread rapidly across landscapes. During such periods of time, an average focal infection gives rise to more than 1 secondary infection (*R*~0~ \> 1) \[[@R62]\]. Understanding the factors leading to and supporting plague epizootics is important because human infections are typically associated with such periods of amplification \[[@R8], [@R42]\]. In part, it is for this reason that the majority of field and modeling studies have focused on understanding factors that lead to and drive epizootics.

Several studies have identified associations between plague epizootics and climatic conditions \[[@R38], [@R84], [@R96], [@R97], [@R99]\], host abundance \[[@R23], [@R25]\], or flea infestation rates \[[@R51]\]. These factors are probably not mutually exclusive. As others have summarized in trophic cascade models \[[@R38], [@R42], [@R84], [@R96]\], that elevated precipitation rates lead to increases in primary vegetative production which serves to increase the abundance of food sources for rodents and thus results in increases in rodent abundance. Such an increase in rodent abundance likely results in amplification of the populations of fleas infesting rodents. Indeed, Hirst noted that rat and flea densities are closely correlated (so much so that he proposed that flea indices are predictive of rat abundance) \[[@R51]\]. Increased precipitation also is likely to result in increased soil moisture which could increase humidity levels in burrows. Increased burrow humidity should in turn improve flea survival because these insects are quite susceptible to desiccation \[[@R18]\]. Also, Krasnov et al. \[[@R64]\] noted that flea species with high vector potential tend to infest their hosts more abundantly than those that were classified as having lower vector potential. In many mathematical models, increasing contact rates between infectious (including vectors) and susceptible individuals typically results in an increase in the number of secondary infections arising from a focal infection \[[@R3], [@R23], [@R30], [@R40], [@R43], [@R70], [@R71]\]. Thus it is logical that elevated rodent densities coupled with increased flea loads per rodent would improve the likelihood of infectious fleas finding new susceptible hosts, resulting in increased numbers of secondary infections arising from a single focal infection (*R*~0~ \> 1). Indeed, a recent mathematical model of plague transmission \[[@R25]\] indicates that spatial structure and host abundance are critical to predicting spatial epidemics. However, although *R*~0~ \> 1 remains a prerequisite for epizootic spread, this value may need to be much larger in order for sustained spread across a landscape.

The rate of spread, however, should be strongly dependent on the extrinsic incubation period (the period of time from a flea becoming infected until it is able to transmit). As described above, the extrinsic incubation period for blocked fleas is quite long relative to early-phase transmission and thus would result in a relatively slow progression of the pathogen within a susceptible population \[[@R30]\]. In fact, a recent mathematical model used a novel approach to investigate the relative importance of transmission by blocked fleas, compared with airborne transmission via infectious respiratory droplets and direct contact with a "short term reservoir" \[[@R103]\]. The model suggests that blocked fleas cannot drive plague epizootics in black-tailed prairie dogs. The findings are well supported by empirical data from the field which show that prairie dog populations frequently experience plague epizootics in the absence of flea species that are prone to forming proventricular blockages \[[@R39], [@R97]\]. The authors of this same model concluded that perhaps fleas are important during the start of an epizootic, but that a short-term reservoir that persists for at least 2--3 weeks is necessary to drive epizootics. The proposed short-term reservoirs cited in this study echo common themes proposed previously. These include (1) resistant hosts that could serve directly as reservoirs or provide maintenance feeds for infected fleas that would later transmit *Y. pestis* to other animals, (2) soil or recently dead and decaying carcasses could serve as sources of infection by direct contact with contaminated soils or decaying tissues or through ingestion of infectious tissues, or (3) unblocked fleas that are capable of transmitting *Y. pestis*.

Among the above three possibilities, it is unlikely that resistant hosts, such as grasshopper mice \[[@R98], [@R103]\] or deer mice \[[@R2], [@R74], [@R80]\], could drive plague epizootics. In this context, use of the term "resistant" host applies to the population level, such that some individuals are highly susceptible, succumbing to infection, while other individuals are resistant and recover from challenge with *Y. pesti*s. If the Webb et al. \[[@R103]\] model is correct, a short term reservoir that is infectious for 2--3 weeks is required to drive epizootics. However, laboratory studies have demonstrated that to reliably infect feeding fleas, bacteremia must meet or exceed 10^6^ cfu per mL of blood \[[@R37], [@R70]\]. Typically, most rodents that achieve this level of infection survive for only 2 days or less after exceeding this threshold \[[@R70], [@R93]\], thus limiting the infectious period. In addition, flea loads on host may be too low to overcome low vector efficiency. For example, transmission efficiency by *Aetheca wagneri*, the primary flea infesting deer mice, is very low \[[@R34], [@R39], [@R57]\]. A recent study determined that at least 68 fleas per host would be required to maintain mouse to mouse transmission by this flea \[[@R34]\]. However, natural infestation levels are typically below three per mouse \[[@R2], [@R7], [@R20], [@R53], [@R66], [@R68], [@R92]\].

Alternatively, it has been proposed that immune individuals could provide uninfected "maintenance" blood meals to keep infected fleas alive and maintain infection (thus making fleas, rather than immune rodents, short-term reservoirs) \[[@R98], [@R103]\]. Such a mechanism might allow *Y. pestis* to temporarily persist in the wake of an epizootic when most susceptible hosts have died of infection and the likelihood of an infectious flea finding a susceptible host upon which to feed is quite low, but strong evidence for this requires further evaluation. It is possible that fleas ingesting blood from immune hosts could become cleared of infection. Bell \[[@R12]\] noted that previous work indicated that fleas will lose infection with *Y. pestis* more quickly after consuming a bloodmeal from an immune host. Unfortunately, supporting data or references were not provided. A recent study comparing infection prevalence and bacterial loads in fleas fed on different types of blood (rat versus rabbit versus mouse) showed that the species of host blood significantly affects the ability of fleas to retain plague bacteria in their guts, with some *X. cheopis* and *O. montana* fleas that were fed rabbit blood containing high numbers of *Y. pestis* becoming cleared of *Y. pestis* infection in as little as 2 d.p.i. \[[@R36]\]. These results imply that not all blood meals should be considered to have the same effect on maintaining *Y. pestis* infection in fleas.

The role of soil as a temporary reservoir and source of infection during epizootics is at this point largely hypothetical. As described above, several studies have demonstrated that *Y. pestis* can survive in autoclaved soil for many months. Recently, Eisen et al. \[[@R35]\] also demonstrated that plague bacteria could remain viable for at least three weeks in naturally occurring soil contaminated by blood from a dying mountain lion, a period of time that would at first glance appear to meet the criterion of Webb et al. \[[@R103]\] for a 2--3 weeks reservoir of *Y. pestis* to sustain epizootic transmission. However, mere contamination of soil with viable *Y. pestis* does not indicate that these soils will be infectious to rodents or that *Y. pestis* could be acquired from them by these animals at rates sufficient to maintain epizootic transmission.

In contrast to the above two proposed short-term reservoirs, considerable evidence exists to suggest that transmission of plague by unblocked fleas could represent a significant short-term reservoir supporting the epizootic spread of plague. As early as 1947, Burroughs proposed that mechanical transmission (contamination of flea mouthparts with viable *Y. pestis*) could be important during epizootic periods \[[@R17]\]. The short extrinsic incubation period provided by this mode of transmission clearly could help to explain the rapid rate of spread that typifies plague epizootics. However, mechanical transmission has been discounted because plague bacteria are believed to be short-lived on the external mouthparts \[[@R13]\]. Like mechanical transmission, early-phase transmission requires a very short extrinsic incubation period \[[@R30]\], but appears to be quite common and efficient in many flea species. For example, efficient early-phase transmission has been demonstrated for several flea species that commonly infest epizootic hosts. These include *Xenopsylla cheopis* \[[@R32]\], which commonly infest *Rattus rattus* \[[@R42], [@R51], [@R88]\]; *Oropsylla montana* \[[@R30]\], which occur commonly on California ground squirrels and rock squirrels \[[@R22], [@R39], [@R52]\]; *Oropsylla hirsuta* \[[@R106]\] and *Oropsylla tuberculata cynomuris* \[[@R107]\] which frequently infest prairie dogs \[[@R15], [@R39], [@R106], [@R107]\]. Interestingly, cat fleas (*Ctenocephalides felis*) are not typically encountered on epizootic hosts \[[@R55]\], and although they are capable of transmitting *Y. pestis* during the early-phase, exhibit a vector efficiency that is quite low compared to such species as *X. cheopis* \[[@R33]\]. Similarly, *Aetheca wagneri*, a flea commonly associated with deer mice (*Peromyscus maniculatus*), is a very inefficient vector during the early-phase \[[@R34]\]. Interestingly, deer mice are not commonly associated with plague epizootics, but instead have been implicated as enzootic reservoirs \[[@R2], [@R68]\]. Although the sample size is limited, available data suggest that flea species that are commonly found on certain host species known to experience high mortality during plague epizootics are efficient early-phase vectors. In contrast, those fleas that are typically associated with other host species that rarely become involved in epizootics or show elevated mortality during these events appear to be inefficient vectors during the early-phase. These data suggest that early-phase transmission may be important for driving plague epizootics. Although transmission efficiency may wane after an initial highly infectious period, it is possible for individuals to remain infected long-term by infecting a secondary host and then reacquiring infection from that host as it becomes bacteremic \[[@R31]\]. Furthermore, it is possible that infected host-seeking fleas remain highly infectious for long periods until they consume their first uninfected blood meal. Such data provide a mechanism for unblocked fleas to fulfill the 2--3 weeks infectious window that was suggested to be important for driving epizootics \[[@R103]\].

7.. MECHANISMS OF INTER-EPIZOOTIC MAINTENANCE {#S7}
=============================================

Understanding how *Y. pestis* is maintained during inter-epizootic periods and the factors responsible for transitioning to epizootics is important for preventing and controlling pathogen transmission and ultimately reducing the burden of human disease. Within plague-endemic areas, some have proposed that *Y. pestis* is maintained in transmission cycles involving "enzootic" hosts \[[@R8], [@R41], [@R42], [@R80], [@R91]\]. Under this scenario enzootic host populations display a heterogeneous response to infection such that some hosts are highly susceptible to *Y. pestis*, developing the very high bacteremia required to infect feeding fleas before dying of infection, while other individuals are resistant to infection and may serve to provide maintenance blood meals to infectious fleas that eventually infest susceptible hosts. Essentially, immune hosts serve to dilute the contact rate between infectious fleas and susceptible hosts, which ultimately reduces the force of infection (*R*~0~) and is likely to result in very low rates of transmission and the threat of local extirpation of *Y. pestis* unless other reservoir mechanisms are available, including survival of the plague bacterium in off-host flea populations. The species typically proposed to act as enzootic reservoirs are western deer mice and their allies (*Peromyscus* spp.) or voles (*Microtus californicus* and perhaps other microtines) \[[@R42]\].

There is very little empirical evidence supporting plague persistence in independent enzootic cycles. First, as described above, it is unlikely that flea loads are sufficiently high during inter-epizootic periods to maintain host to host transmission given the low vector efficiency described for fleas associated with proposed enzootic hosts. Furthermore, presumed "enzootic" reservoirs such as deer mice or grasshopper mice are seldomly infected prior to outbreaks in susceptible "epizootic" host populations. Recently, grasshopper mice were collected from prairie dog towns before, during and for up to two years after plague epizootics. Serological evidence of exposure to *Y. pestis* in grasshopper mice was not observed prior to or two years after observed epizootic events in prairie dogs, but during epizootics, grasshopper mice were consistently seropositive \[[@R98]\]. Similar results were reported for deer mice from the same area \[[@R92]\]. These data suggest that although grasshopper mice and deer mice display a heterogeneous response to infection, they are probably not maintaining infection during inter-epizootic periods. Instead, susceptible hosts that succumb to infection may help to drive plague epizootics in prairie dogs. Additional studies combining field- and laboratory-derived data on flea infestation rates, host immunity, vector efficiency and extrinsic incubation periods for fleas associated with enzootic host species are required to evaluate the likelihood of independent enzootic transmission cycles.

It is possible that within populations of epizootic hosts (e.g., ground squirrels, rock squirrels), *Y. pestis* could persist during inter-epizootic periods without the need for secondary or "enzootic" hosts, providing that the host population is sufficiently large and consists of a metapopulation with a number of distinct subpopulations, each of which are spaced sufficiently far apart or separated by landscape features that allow some populations to escape infection or the epizootic to proceed slowly enough so that at least some of the affected subpopulations would recover before being subjected to another epizootic \[[@R19], [@R24], [@R42], [@R63], [@R96]\]. A recent study described plague transmission as a percolation phenomenon, which emphasizes the importance of spatial structure of host populations and host abundance for predicting epizootic transmission \[[@R25]\]. Future modeling efforts are required to evaluate how changes in flea abundance and transmission efficiency affect such model predictions.

Consistent with this notion, Krasnov et al. \[[@R64]\] noted that flea species with high vector potential infest a narrow taxonomic host range and are abundant on their hosts. Narrow host specificity increases the likelihood of vectors feeding on other susceptible hosts, rather than bridging to host species that display a heterogeneous response to infection. If highly efficient fleas consistently feed on susceptible hosts, perhaps secondary hosts are not required for inter-epizootic maintenance and *R*~0~ is regulated instead by changes in flea loads on susceptible hosts, which is likely related to climatic changes. Using standard vectorial capacity models \[[@R30], [@R70], [@R107]\], if all factors are held constant (daily biting rate, infectious period of the host, vector efficiency, extrinsic incubation period), changing the flea-host contact rates would result in local extinction (*R*~0~ \< 1), enzootic maintenance (*R*~0~ = 1) or epizootic spread (*R*~0~ \> 1). The rate of spread could be regulated by the duration of host-seeking time. If the host population density is low, it would likely take longer for an infectious flea to find its next bloodmeal. However, empirical studies suggest that infectiousness of the first bloodmeal after infection remains high throughout the duration tested, but declines after feeding on an uninfected host \[[@R30]--[@R32], [@R106], [@R107]\]. In some instances, when the contact rates between fleas and susceptible hosts are high, epizootics would be expected. This is consistent with the trophic cascade model described above. Of course, not all susceptible host populations experience plague epizootics following conducive climatic events, suggesting that *Y. pestis* does not remain at low levels in all host populations. In many instances, contact rates between infectious fleas and susceptible hosts likely drops below levels needed to maintain infection and local extinctions occur. Appropriate spatial structuring could allow for local persistence within plague endemic foci. Numerous verbal and quantitative models have suggested that metapopulation dynamics allow *Y. pestis* to persist in relatively small, connected rodent populations that experience local extinction and recolonization \[[@R19], [@R42], [@R51], [@R63], [@R88], [@R96]\]. The ability of *Y. pestis* to infect a broad array of hosts and vectors and perhaps its ability to persist outside of the host may allow the bacteria to hopscotch across the landscape causing long periods of quiescence followed by short, explosive epizootics.

8.. CONCLUSIONS {#S8}
===============

-- Because flea-borne transmission requires very high bacteremia to infect the fleas and death of the host increases the likelihood of infected vectors to seek new hosts upon which to feed, there appears to be strong selection for virulence.

-- Early-phase transmission coupled with the use of hosts that are highly susceptible and carry high flea loads helps explain the rapid spread that typifies plague epizootics and may play a role in "reseeding" new areas, including those that might become new foci.

-- The role of blocked fleas in epidemic or epizootic spread depends on the flea species involved, infestation rates, and host-seeking flea abundance. *X. cheopis* blocks quickly compared to most fleas and has been the standard model, but probably represents an exception, rather than the norm. A combination of early-phase transmission and blocking probably helps to explain why this flea is so dangerous but other fleas that are important in epizootic spread probably rely mainly on early-phase transmission.

-- Mechanisms of inter-epizootic maintenance of plague is not well-understood. Although fleas are generally short-lived, there is evidence of fleas surviving and maintaining infection for many months to over a year \[[@R9], [@R44], [@R61], [@R95]\]. This might be the situation in which biofilm production is most important because it could allow maintenance of the bacterium in the flea and, if the blocked flea survives long-term, would then enable the flea to have a reasonably good chance of transmitting *Y. pestis* if it finds another host weeks to months later. Thus, fleas could serve as a reservoir of infection and may act as a spark that initiates epizootics when flea loads and host densities are sufficiently high to support epizootics. Because this mechanism is expected to be fairly inefficient, it could explain the sporadic epizootic patterns that are typically observed. Alternatively, chronic infections in rodents, or persistence in soil could play a similar role in local persistence of *Y. pestis* in the absence of host to host transmission.

-- Patchy landscapes leading to metapopulation structuring of susceptible host populations, coupled with the ability of *Y. pestis* to infect a broad array of hosts and vectors may contribute to the ability to be maintained within plague foci.
